INTRODUCTION
The field of Virtual Reality (VR) has recently known an important economical and technological revolution. In particular, VR HeadMounted Displays (HMDs) are now massively disseminated, and they can be used in a wide spectrum of applications, such as for entertainment, training, or education purposes.
The recent advances in HMD technology enable more and more users to experience impressive feelings of "immersion" and "presence" inside virtual worlds displayed in VR [32] . At the same time, these users often continue to perceive and think that this world they visualize is not real. Such a biased perception, but also the relative cumbersomeness of HMDs, the usual absence of user's virtual body, and other visual artifacts or mismatches with reality could actually require additional information processing from the user, which in turn might increase his/her mental effort.
As such, one question arises regarding the additional workload potentially brought by wearing an HMD: does the fact of being immersed in a virtual environment (VE) while wearing a VR HMD alter the users cognitive resources? In other words, is the mental effort reported by people immersed in a VE using an HMD the same than in the real world?
In this paper, we aim to assess the potential effect of being immersed in a VE through an HMD on users' mental effort. We conducted a study in which 27 participants did an auditory standardized cognitive test following 3 different levels of difficulty, both in the real world and while wearing an HMD. Since users are rarely static in VR, the effect of a basic secondary task was also tested: our * e-mail: firstname.lastname@b-com.com † e-mail: firstname.lastname@inria.fr participants did the cognitive task both in a passive context (while sitting) and in an active context (while walking). Measures of the mental effort were supported by task performance, behavioural, and physiological indicators. Our results showed that being immersed in a VE using a VR HMD does not have an effect on the reported mental effort nor on the cognitive task performance. In contrast, natural walking increased the mental effort. The remainder of the paper is structured as follows. Section 2 provides an overview of related work regarding the influence of VR on cognitive states. Section 3 presents the experiment we conducted to assess the mental effort in VR versus in reality along with its results. The latter are discussed in Section 4. Finally, Section 5 provides the concluding remarks.
RELATED WORK
This section aims at presenting related work on mental effort in VR. It should be noted that while our paper focuses on the mental effort, the latter can be considered as a component of the mental workload [14, 27] , which is related to task performance and can sometimes be referred as mental load, mental effort, cognitive load, or cognitive effort in the literature. First, studies dealing with the influence of VR parameters on the mental effort and the task performance will be treated. Then, main methods used to measure mental workload and mental effort in VEs will be depicted.
Mental Effort and Task Performance in VR
Cognitive states such as the mental effort are of high interest for many fields including VR. They can notably be used as offline metrics to evaluate and improve systems or to study users. Among cognitive theories, one is especially popular: the Multiple Resources Theory of Wickens [40] . This theory proposes that human resources do not have only one information processing, but multiple resources which can be exploited simultaneously or sequentially depending on their type. Related to this theory, the mental workload, which can be defined as the ratio of demand to allocated resources [11] , has been studied extensively. One of its components, the mental effort, was found to be particularly representative of it [41] .
When comparing VR and the real world in terms of mental workload, previous researches have mostly focused on VR training efficiency and on task performance. VR technology has indeed been used extensively to design training applications. In that sense, it was shown that the immersion allowed by VR technologies contributed to improve task performance [2, 4, 23] . Moreover, it was found that skills acquired in VR could be transferred in the real world [9, 29, 31, 39] . In particular, Waller et al. studied the transfer of spatial knowledge from VR to the real world [39] . They found that longer exposure in immersive VEs training could lead to similar performance than training in the real world in a navigation task. Their results also showed that immersive VEs were not efficient to allow subjects a mental representation of the maze map. This was discussed as maybe an effect of the novelty of the HMD and tracker devices on the cognitive effort. Moreover, Chao et al. conducted an experiment to study the effect of nonimmersive VR-system training methods, compared to more traditional methods, in terms of mental workload and training performance [9] . They tested this effect on 2019 IEEE Conference on Virtual Reality and 3D User Interfaces 23-27 March, Osaka, Japan 978-1-7281-1377-7/19/$31.00 ©2019 IEEE tasks related to the maintenance of car pieces, and found VR training method to be more efficient in terms of task performance than the other methods. However, no effect was found on mental workload. It should be noted that they decided not to use full immersive VR systems (such as HMD), as they supposed them to be more likely to cause side-effects such as cybersickness, which may have influenced the user's cognitive effort.
Few works have studied the effect of VR variables and methods on the user's cognitive state. Two studies found an effect of paradigms used in VR on the user's cognitive/mental load. Thereby, it was found that redirected walking influences verbal and spatial working memory performance [6] , and that the control of a self-avatar allows better performance in a letter recall task [33] . In addition, the cognitive tasks influenced in both case the user's behaviour. These two studies showed that paradigms used in VR can lead to additional cognitive demands and to changes in behaviour.
Measures of Mental Workload and Mental Effort
In this paper, the mental effort will be assessed. However, mental effort can be considered as an important index of mental workload [25, 27, 41] and the methods used to measure both of them can be very similar [21, 41] . As there is a larger literature on methods used to measure mental workload than on methods used to measure mental effort, this section will mainly depict methods used to measure mental workload. More details can be found in reviews and surveys on the topic [11, [20] [21] [22] .
O'Donnell classified the methods used to measure mental workload in three groups [24] : subjective, task performance, and physiological measures. Besides these methods, behavioural measures will also be treated since the latter were also proven to be influenced by mental workload [5] .
Among subjective measures (here, self-report methods), there are many standardized questionnaires which are commonly used to assess mental workload. Those can be categorized into multidimensional or unidimensional scales. The most popular multidimensional scales are the NASA Task Load Index [14] , the Subjective Workload Assessment Technique [27] , and the Workload Profile [37] , which all consider the mental workload from a multidimensional point of view. Among unidimensional scales, the Rating Scale of Mental Effort (RSME) [41] and the Instantaneous Self Assessment (ISA) [36] are the most used. Due to the decreased number of questions, unidimensional questionnaires are quicker to respond but they can have a smaller diagnosticity as they consider only one dimension [11] . While the ISA and the RSME have been widely validated [8, 11] , the RSME proved to be one of the most sensitive measure of mental workload in short periods of time [10, 38] .
Regarding physiological measures, a number of studies have shown correlations between mental workload and physiological signals such as: electroencephalogram (EEG) [5, 34] , electrooculography (EOG), pupillometry, cardiac activity and electrodermal activity (EDA) signals [3, 38] . While EEG and eye-related data have shown good results in the assessment of mental workload [16] , those tend to be cumbersome compared to cardiac and EDA sensors [5] .
Finally, on the performance and behavioural side, both are dependent on the type of task used to induce the mental workload (i.e. for a binary choice task, a performance measure could be the ratio of correct answers, and a behavioural measure could be the response time [5] ).
All these measures can be combined in order to assess the mental effort. Regarding the main advantages of these methods, self-report methods enable true-face validity. On the other hand, performance, physiological and behavioural measures are continuous and do not require a formulated response by the subjects.
In summary, a number of studies have proved that an immersive VE can improve task performance compared to a less immersive VE. Moreover, works which studied VR training showed that skills acquired in VR could be transferred in the real world. Besides, other studies have emphasized the potential effect of using a full immersive system, such as an HMD, on the user's mental workload or cognitive effort [9, 39] . Other works found that paradigms used in VR influenced the user's cognitive load [6, 33] . However, the influence of VEs using a VR HMD on the user's subjective mental effort in a pure mental task was not investigated to our knowledge yet.
EXPERIMENT
A large amount of studies carried out in VR have considered tasks which required the involvement of motor processes, focusing for instance on the influence of VR training on task performance. There have been way less experiments targeting the user's subjective mental effort in VR using a cognitive task. While task performance is greatly correlated to mental workload, it also greatly depends on the user's motor skills and may not be representative of the user's mental effort if the task is not purely cognitive. Besides, depending on their engagement, some users can show a great performance on a task while involving great cognitive resources, as the opposite is possible. Assessing the users mental effort seems relevant to study the effect of a VR application to the long term.
More specifically, to the best of the authors knowledge, the effect of being immersed in a VE through wearing an HMD on the user's mental effort has not been investigated yet. A controlled study using a cognitive task and comparing the mental effort reported in both a VE and in the real world would help to answer the question: "Does being immersed in a VE while wearing a VR HMD alter the user's mental effort?". In addition, parting the effect of a simple motor task such as walking on the mental effort during an auditory cognitive task can be interesting since users are rarely static in VR.
Apparatus
The experiment was conducted in a room of 4.5m x 5m. The room was modelled in 3D using realistic textures, as illustrated in Figure 1 . A special attention was given to the design of the virtual environment to make it correspond as much as possible to the real one. The light in the room was controlled using curtains and similar lights layout, intensity and colors. Small objects such as wires were not modelled. Otherwise, physical furniture and markers placed on the floor had its virtual counterparts in the virtual environment, which were mapped correspondingly. The orange rectangle drawn on the floor provided a visual indication to the user regarding the zone where he could walk freely without encountering any obstacle.
Only the trigger button of the Vive controller was used to interact with the support application throughout the experiment. In addition, the pressure exerted on the button was recorded using a 1.8-cm diameter Force Sensitive Resistance (FSR) glued on the trigger button. A wireless module was placed on the Vive controller to allow the streaming of the FSR data on the computer (see Fig. 2 ). The total weight of the module was around 150g.
In the VR conditions, participants wore an HTC Vive HMD, which provides a resolution of 1200x1080 pixels per eye with a refresh rate of 90Hz. Two eye-tracking devices were used: the Pupil Labs Add-On which was integrated to the HMD, and the SMI eyetracking glasses. In order to assess the physiological responses of the participants, Blood Volume Pulse (BVP), using PhotoPlethysmoGraphy (PPG), and Electrodermal Activity (EDA) were recorded using the Shimmer3 GSR+ [7] in all conditions. The Shimmer module was placed on the forearm of the non-dominant hand (see Fig. 2 ). The EDA sensors of the Shimmer were placed on the middle phalanx of the non-dominant hand two first fingers, and the BVP sensor, on the earlobe using the Shimmer ear clip. All data was recorded at 120Hz. Audio instructions were provided using a Sennheiser USB microheadset. Some visual instructions, such as the announcement of the difficulty, and a reminder of the task principle for each difficulty in the form of an animation were given on the TV screen. The visual presentation was presented in the same way on the modelled TV in the VR conditions than on the real screen in the Real conditions.
As some of the used sensor were not wireless, the wires of the HTC Vive, the SMI glasses and the micro-headset were passed through a ring suspended from the ceiling. The length of the wires was adjusted each time before the walking conditions to match the user height. The cables were maintained in the user's back with a belt so they would not interfere with the user movement. A Vive Tracker was also attached to the belt to track user's movements during the walking conditions (see Fig. 2 ).
The support application was developed in Unity 3D, and run on a desktop computer equipped with an Intel Xeon CPU E5-1620 v4 processor, one Nvidia GeForce GTX 1080 graphic card, and 16Go Random-Access Memory.
Participants
29 healthy participants from our research institute volunteered to take part in this study. One subject was excluded from the study due to technical issues, and another one, because of omissions in responses, resulting in a final sample of 27 participants (10 females, 17 males; ages 20-59, M=32.8). Two participants wore glasses, six participants wore contact lenses, and one participant reported a slight red-green weakness. One of the participant was left-handed, and all the others, right-handed. Three participants were at least regular users of HMD, and all others had no experience or a slight experience with HMDs in the past. All participants were fluent in French and were naive to the experiment conditions and purpose. They all completed and signed an informed consent form before the start of the experiment. The total time per participant, including pre-questionnaires, instructions, training, experiment, breaks, postquestionnaire, and debriefing, ranged between 55 min and 1 hour 20 minutes. They wore the HMD for about 20 minutes and were allowed to take breaks at any time.
Experimental Design
As discussed above, exerting cognitive tasks in an immersive VE while wearing an HMD might require more cognitive resources than in the real world. The reported mental effort during natural walking in VR and in the real world might as well differ due to the cumbersomeness of the devices, the differences in perception between the real and the virtual environments, the lack of a virtual body [17] and other VR-related cognitive and perceptive phenomena.
The experiment followed a 3-factor within-subject design. The factors were the difficulty of the auditory cognitive task (3 levels), the environment (VR vs. Real), and the secondary task (Sitting vs. Walking). Each condition was repeated twice, resulting in a 3 x 2 x 2 x 2 within-subject experimental design. To minimize the learning effect, the order of the environment and task conditions were counterbalanced using a Latin square design, and the difficulty of the cognitive task conditions was randomized in each repetition (see Fig. 3 ).
Independent Variables
In this experiment, three independent variables were considered: Difficulty of the Cognitive Task, Environment, and Secondary Task.
Cognitive Task (1-vs. 2-vs. 3-back Task) An auditory N-back letter task was chosen to induce different levels of mental workload [1] . For each sequence of letters, the participants were instructed to press down the trigger button of the Vive controller, if (and only if) the current letter was the same as the N-th previous one and before the next letter presentation. The value of N determined the number of letters the participants had to remember, thus, the difficulty of the task [1] . Three values of N were chosen: 1, 2, and 3 as they are the most common difficulty levels in experiments relying on the N-back working memory paradigm [1] . We chose the 3-back task over the 0-back task since the latter Walking Conditions 1-,2-,3-back task mostly is used as a control condition [1] , and may not elicit enough difference in mental workload with the 1-back task.
The sequences of letters were made of 3 distinct letters: "A", "B", and "C", which were spoken in French by a male synthetic voice 1 . Each sequence of letters was 25 + N letters long. A letter could not appear more than N + 2 consecutive times as it would have resulted in a fluctuation of the difficulty. Out of the 25 letters which were relevant (the first N were irrelevant as there is no N-th previous one to compare to), 12 letters were the same as the N-th previous one. Consecutive letters were spaced in time by a constant interval of 2.0s (as in [15] ), which resulted in a total duration ranged from 52s to 56s for each sequence of letters (depending on the difficulty).
Environment (Virtual Reality vs. Real World)
The participants performed the cognitive tasks in both the Immersive VE (VR), wearing the Vive HMD, and in the real world (Real). A virtual representation of the room in which the experiment took place was given in the VR conditions (see Fig. 1 ). All visual stimuli were presented on the TV (real or virtual), and the sizes and positions of the virtual furniture and markers matched the real ones. In the sitting conditions, the participants were positioned in front of the TV at a distance of 1.5m.
Secondary Task (Sitting vs. Walking)
In order to see if a basic task had an impact on the reported mental effort in both environments, participants were asked to perform the N-back tasks while sitting and while walking.
In the sitting conditions, participants could blink, look down, fixate a point, but they were asked not to keep their eyes closed all trial long. Aside from this, they were not given any other specific instruction.
In the walking conditions, participants were asked to stay inside the orange rectangle drawn on the floor and to avoid walking on the markers. The participants were asked to start all trials (difficulty) behind the orange line, and to start walking forth in circle around the orange cross at the start of the cognitive task (when they heard the beep) until the end of the task. It was mentioned they could walk at the pace they felt natural and in the direction they wanted for the first difficulty of the condition (Walking-Real, Walking-VR). After having reported their mental effort, they were asked to alternate the direction in which they were walking between each trial to avoid ordering effects.
Collected Data
The dependent variables considered were: self-reports, which refer to the subjective mental effort reported by the participants, cognitive task performance, behavioural, and physiological measures.
Self-Reports: As this experiment includes many conditions, we decided to orient our choices toward an unidimensional scale: the Rating Scale of Mental Effort (RSME) [41] , which is particularly sensitive over short periods of time [10, 38] . The latter evaluates the mental effort invested in a task on a continuous vertical axis from 0 to 150 units (see Fig. 4 ). Along the vertical axis, some landmarks are labelled with a verbal descriptor of effort, ranging from "absolutely no effort" to "extreme effort" (see Fig.. 
4).
Performance and Behavioural Measures: Since the primary task was the N-back task, performance indicators of the success of the cognitive task were recorded. We chose to focus on the accuracy value, which corresponds to the number of true responses (true positive and true negative), divided by the total number of responses (true and false values, here, 25). For each trial, the participants should have pressed the trigger button 12 times, and not answered 13 times.
Aside from the performance linked to the cognitive task, we recorded the participants' click behaviour during the trials via the response time. The exerted pressure on the trigger button was also assessed, as it has been shown to be influenced by the arousal (which corresponds to the excitation, mental activation or level of alertness [19] ) [30] . In addition, mental workload and mental effort are related to the arousal [22] .
Other behavioural measures were recorded during the walking conditions, such as the position and the velocity of the participants.
Physiological Measures: For all conditions, BVP and EDA data were recorded and specific physiological features were extracted. From the BVP signal, the Heart Rate (HR) was computed based on a heartbeat detection. From the EDA signal, the Skin Conductance Level (SCL) was estimated using a low-pass filter (cutoff frequency = 0.05Hz, order = 3).
Since this study intends to compare VR and real conditions, we assumed that the use of two separated eye-tracking devices for each of these conditions would bias the analysis. Thus, eye-tracking data was not considered in this paper.
Experimental Procedure
The experiment had a total duration of around 1h10 and was subdivided into the following steps:
Written Consent and Instructions: The informed consent form was given in an email sent to recruit the participants. Those had the possibility to read it prior to the experiment, and to bring it completed and signed at the start of the experiment. Otherwise, they were asked to read it, to complete it and to sign it. They were then instructed with the nature of the experiment, the equipment used, the data recorded (which was anonymized), the VR setup, the cognitive task instructions, and the proceedings of the experiment. Participants were also asked to fill a questionnaire (experience with VR, level of alertness, state of vision, demographic information) to gather information about their background.
Training: Users were then equipped with a Vive Controller and a micro-headset. The RSME was displayed on the TV screen, and participants were asked to try to use the Vive controller to evaluate their level of mental effort. They were asked if they well understood the instruction and terms used on the scale. Once participants took control of the interaction, they could perform once every difficulty of the N-back task (1-, 2-, 3-back) to make sure they fully understood the instructions of the cognitive task. The training was performed in a Sitting configuration in the Real-World.
Equipment Set-Up and Baseline: At the end of the training, participants were equipped with physiological sensors, aside from the eye tracking devices. They were then asked to remain seated and to relax while the TV screen was black for 1 minute, to record their physiological signals in a relaxed state.
Experiment:
The experiment was divided in two parts: the Sitting condition and the Walking condition. Each of these two secondary task conditions (absence or presence of a secondary task) was associated with the environment conditions (Real and VR). The order of these conditions was counterbalanced using a Latin square design. Prior to the Walking group of conditions, the users were instructed with the Walking instructions (see 3.3.1). Each condition lasted around 8 minutes and was preceded by a 2 min calibration of the eye-tracking device (SMI glasses or Pupil Labs Add-on). Next, the participants performed the N-back task in two sets of randomized difficulties (6 trials per condition, see Fig. 3 ). They had the possibility to make a break at anytime and they were proposed to do it before each new condition. The participants were asked to do their best throughout the experiment.
A trial consisted of the following elements (see Fig. 4 ). It started with a visual instruction on the TV screen, informing the participants which difficulty (1-, 2-, or 3-back) was about to start. After the user pressed the trigger button, an audio announcement of the difficulty was sent to the user, the sequence of letters was initialized, and a visual and animated reminder of the instructions for the current difficulty was displayed. Once the user pressed the trigger button again the task started with a beep followed after 1s by the stream of letters. By the end of the sequence the user was asked to answer the RSME by using the Vive controller. A pointer indicated the direction in which the Vive controller was pointing at on the TV, and the user could move a cursor on the vertical axis by dragging and dropping it. The "+" and "-" buttons could also be used to readjust the value of the reported mental effort. A click on the "Next" button marked the end of the trial, and the beginning of a new trial or the end of the current condition (Sitting-Real, Sitting-VR, Walking-Real, Walking-VR).
Debriefing: At the end of the experiment all sensors were removed from the participants. They were asked to fill a postquestionnaire regarding their subjective impressions. They were finally debriefed and invited to ask all questions they may have had.
Hypotheses
This study aims to evaluate the interaction between cognitive task, basic secondary task, and VR.
Our main hypothesis concerns the effect of the environment on mental effort. We hypothesize that being immersed in a VE through an HMD will impact mental effort [H1]. Moreover, since users are rarely static in VR the effect of basic and natural task such as walking may have an influence on the user's mental effort difference between the virtual and the real environments. This potential effect has to be investigated. It is supposed that doing a cognitive task while walking will significantly increase the reported mental effort compared to doing a cognitive task in a sitting condition [H2]. For both hypothesis it is supposed the results will be supported by the analysis of all the measured indicators of mental effort considered in this study. To summarize, our hypotheses are:
Difficulty Display Visual Reminder N-back task RSME • H1: Users experience more mental effort in a VE while wearing a VR HMD than in the real world.
• H2: Users experience more mental effort while walking than while sitting.
Results
Generalized linear mixed model (GLMM) analysis was considered for all dependent variables (all parametric). For each variable, the user was considered as a random factor and all the independent variables as within-subject factors. When the equal variances assumption was violated, the degrees of freedom were correction using the Greenhouse-Geisser method. When needed, pairwise post-hoc tests (Bonferroni with adjustment) were performed, only significant differences (p < 0.05) are discussed. Order effects were also tested but there are only discussed if significant. The statistical analysis was performed using the R statistical software. Figure 5 presents the results concerning the self-reported mental effort and the task performance, and Figure 6 presents part of the results on the behavioural and physiological data analysis.
Self-reports

RMSE:
The GLMM showed a main effect on Secondary Task 
Task Performance
Accuracy: The GLMM showed a main effect on Secondary Task The analysis did not show any significant interaction effect. Similarly as the RSME, post-hoc tests (all p < 0.05) showed that as the level of difficulty increased, the accuracy of participants significantly decreased. The analysis of the main effect on Secondary Task showed that the accuracy of participants was higher for the Sitting condition, yet a deeper analysis seems to suggest that this was mainly the case for the highest Difficulty (N = 3). This results partially support [H2], but do not support [H1].
Behavioural Measures
Response time: The GLMM analysis showed a main effect for Difficulty Exerted Pressure: Due to some measuring errors, only the data of 21 users could be analyzed. The GLMM analysis showed a main effect for Secondary Task Walking measures: No significant effect was found on the velocity and position data for any of the independent variables.
Physiological Measures
Heart Rate (HR): Due to some recording errors, the analysis was based on the data of 21 participants. The GLMM showed a main effect on Secondary Task 
DISCUSSION
Impact of Wearing an HMD on the User's Mental Effort
Results show that being immersed in a VE while wearing a VR HMD did not differ from the Real World in terms of mental effort in this experiment. Other parameters such as the difficulty of the cognitive task and the presence or not of a basic secondary task were also tested to reinforce the results robustness. While the N-back task showed to be efficient to elicit different levels of mental effort (see Fig. 5 ), the difference in the responses reported by the participants in the real world and in the corresponding virtual environment was not significant. Moreover, we hypothesized that walking would amplify the potential difference in mental effort reported by the participants. However, no significant effect of the environment was found considering this variable, despite the absence of a virtual body. These results may be explained by the method used to induce the mental effort. In this experiment, the auditory task was well suited as it could be done while walking. However, given the primarily visual nature of VR, it may not have been able to elicit enough difference in mental effort between VR and the Real World. Maybe a primary task relying more on visual stimuli would have led to different results. Also, in our experiment, the cognitive task relied on a verbal working memory paradigm and was compound of letter stimuli. The use of tasks relying on different pools of cognitive resources [40] (i.e. spatial or motor skills) or on different kind of stimuli (i.e. number, shape) might have resulted in different outcomes for the analysis. While the main hypothesis was not conclusive, these results extend the findings made in VR studies regarding cognitive and affective states [12, 13, 18, 28] : virtual experiences can induce similar user responses compared to real ones. In contrast, the results showed that the walking task had an effect on the mental effort and on the cognitive task accuracy. The effect of the walking condition was especially noticeable for the difficulty (N = 3), as seen in Fig. 5 . The task was designed to be as natural as possible, considering the technical limitations. It was supposed not to require additional cognitive resources from the same pools than the ones affected by the mental effort elicited by the N-back task. However, it should be noted that the path constraint may have still influenced the latter. The fact that a simple walking task had an effect on the mental effort means the amount of interaction may need to be quantified in studies assessing similar cognitive states.
Further studies could help understanding the effect of other tasks on the mental effort in VR. For example, it could also be interesting to explore how other parameters might influence the mental effort such as the degree of immersion, the type of VR device (such as CAVEs), the field of view, the frame rate, the exposure time, the screens resolution, the scene lighting or the scene realism.
Lessons Learned
Beside answering our question, this study provides lessons on how to measure mental effort in VR in particular about what worked and what did not. First, the mental effort reported via the RSME was consistent with the subject's accuracy while performing different levels of difficulty of the N-back task (see Fig. 5 ). This result supports that the RSME can be an appropriate tool in order to measure the level of mental effort between subjects.
Second, the results showed that the level of difficulty had an effect on the HR, the response time, and on the pressure exerted on the trigger button. Since the mental effort was found to be influenced by the difficulty of the cognitive task (see Section 3.4.1), these findings are consistent with the literature [11, 30] . Nevertheless, depending on the context, not all of the indicators were efficient to measure the mental effort. On one hand, the response time was able to discriminate between each three levels of difficulty in the presence and in the absence of the secondary task. On the other hand in the sitting condition both HR and exerted pressure measures were able to differentiate the 1-back task from the 2-back task, but not the 2-back task from the 3-back task (see Fig. 6 ). This can be explained by the between-individual variability. Most people consider the 1-back task as an easy task, and the 3-back task as a difficult task. However, the perceived difficulty tend to vary concerning the 2-back task, which may cause more subtle changes in the physiological and behavioural measures. In the walking condition, the exerted pressure could still discriminate between the 1-back task and the 2-back task, but the HR was unable to discriminate between any of the difficulties. This outcome is consistent, since movements tend to add noises in the physiological signals and to decrease the distinction between signal features [35] .
Finally, while users' body behaviour and gesture showed to be influenced by the cognitive load in past studies, the analysis of the walking behaviour was not successful to show an effect in this experiment. This might be explained by the fact the space in which the subjects could walk in VR and in the real world was restrained. A bigger space and no path constraint may have lead to different outcomes. Also, the analysis of the SCL was not able to discriminate between the different independent variables in this experiment, aside from the task. An explanation could be that the cognitive task required the subject to be focused, and was not specially arousing.
In summary, in our experiment, among behavioural and physiological measures, the response time was the best indicator of mental effort, followed by the exerted pressure, then, by the HR. Cautions should however be taken when using physiological sensors in interactive environments, as their viability tend to greatly decrease with the involvement of movements [35] . Also, while the pressure exerted on a button was shown to be at least as efficient to differentiate the mental effort as the HR in this experiment, it was rarely used in the literature. We therefore encourage the use of FSR sensors in future studies involving the use of interactive buttons to support measures of the cognitive states, as they are cheap, not cumbersome, and easy to put. Finally, machine learning approaches could be applied in order to assess the mental effort in VR in real-time, based on physiological and behavioural responses [26] .
CONCLUSION
This paper is the first to specifically study the influence of being immersed in a VE using a VR HMD on the user's mental effort. We conducted an experiment in which participants had to achieve a standardized cognitive task with various levels of difficulty in two different environments (real vs. virtual), and in presence or not of a secondary task (sitting vs. walking). The results showed that wearing an HMD did not significantly impact the user's mental effort and his/her task performance. In contrast, walking significantly increased mental effort and decreased task performance. These findings are grounded on various kinds of converging measurement: self-report, task accuracy, mean heart-rate, response time, and pressure exerted on the answering button.
Taken together, our results support the view that being immersed in a VE while wearing an HMD does not significantly influence the provided mental effort. As such, these results promote the use of VR HMDs in simulations and experimental studies involving measurements of human's cognitive states. Moreover, secondary interactions such as walking should be carefully controlled, as they can potentially influence and add noise in mental effort measurements in VR.
